We have constructed recombinant human adenovirus (Ad) vectors containing the glycoprotein gene of vesicular stomatitis virus (VSV). The structural gene of the VSV glycoprotein was modified by the addition of promoter and poly(A) addition sequences from the herpes simplex virus type 1 thymidine kinase (TK) gene and inserted, in either orientation, into early region 3 (E3) of human Ad type 5. The recombinant vectors were fully infectious and replicated in HeLa cells in culture. The TK promoter was functional in both insert orientations and responsive to trans-activation by herpesvirus infection; however production of VSV glycoprotein in readily detectable amounts was only obtained with the vector having an insert in the E3 parallel orientation (AdG 12), and depended principally on transcripts initiating within upstream Ad sequences. The onset of expression of the glycoprotein in AdG 12-infected cells was detectable at about the same time as the Ad 72K DNA-binding protein encoded by E2, and its synthesis was not prevented by blocking viral DNA synthesis. The VSV glycoprotein produced by AdG12 was fully processed and could function to direct low pH-induced fusion of infected cells. These Ad vectors have considerable potential utility for the expression of antigens in cell culture and for the immunization of animals in studies of immunity and protection.
INTRODUCTION
Studies using vaccinia virus have amply demonstrated the utility of infectious mammalian virus vectors as potential vaccines (see as examples, Mackett et al., 1985; Paoletti et al., 1984) and as expression vectors for the analysis and detection of the immune response for a large number of different antigens. The potential usefulness of any recombinant virus vector will depend on many factors, including the host range and stability of the vector, the ease of administration, the site of replication, and the replicative biology of the vector. The development of alternative infectious vector systems is important not only in the optimization of these factors but also in providing novel delivery systems for antigens in immunity and protection studies.
The ubiquitous human adenovirus type 5 (Ad5) which has been so well characterized with regard to molecular biology and structure is particularly suited for investigation as a model adenoviral vaccine vector system. By deleting the XbaI D fragment of Ad5, which removes part of the non-essential early region 3 (E3) region (Berkner & Sharp, 1983) , foreign sequences of up to 4 kbp may be inserted into vectors capable of replication in any cell normally permissive for human Ad (Haj-Ahmad & Graham, 1986; Ghosh-Choudhury et al., 1986; Graham et al., 1988) . Expression of hepatitis B virus surface antigen (Ballay et al., 1985; Morin et al., 1987) and the herpes simplex virus (HSV) glycoprotein gB antigen have been reported for vectors of this type. In this paper we report the construction and characterization of two infectious Ad vectors containing the gene for the vesicular stomatitis virus (VSV) glycoprotein inserted in either possible orientation.
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The glycoprotein of the Indiana serotype of VSV was one of the first viral glycoprotein genes cloned and continues to be an important tool in the investigation of glycoprotein biosynthesis (Rottier et al., 1986; Scullion et al., 1987) . This protein seemed particularly well suited to serve as a model for the expression, in Ad vectors, of viral glycoprotein genes not normally transcribed in the nuclear environment of the cell. Evaluations of Ad-mediated antigen expression, antibody induction and protection can be carried out very effectively in this system as seen in this and the accompanying study (Prevec et al., 1989) .
METHODS

Cells and virus.
Monolayer cultures were maintained in MEM F-11 and suspension cultures were maintained in Joklik's modified medium. All media were supplemented with 10~ newborn calf serum (NBCS) for cell maintenance and 5 ~o NBCS for growth of virus. Ad5 d1309 (Jones & Shenk, 1979) and recombinants were grown and titrated on HeLa cells. VSV-Indiana stocks were grown and titrated on L cells (Kang & Prevec, 1969) . Transfection and plaque purification were carried out on 293 cells (Graham et aL, 1977) . The HSV-1 strain TKd2 which contains a deletion of its thymidine kinase (TK) gene region (Smiley, 1980) was used for superinfection studies.
Rescue ofheterologous genes into virus. Viral DNA from Ad5 strain d1309 was cotransfected with pdxl TK-G plasmids ( Fig. 1 ) into 293 cells using calcium phosphate (Graham & van der Eb, 1973) . Before transfection, viral DNA, purified and treated with pronase (Graham et al., 1980) , was digested with EcoRI, while plasmids pdxl TK-G were cut with BamHl. Viral plaques were isolated, expanded, and viral DNA was analysed by restriction enzyme digestion and agarose gel electrophoresis. Rescue efficiency was approximately 50~.
Analysis of viral proteins. HeLa cells in 60 mm Petri dishes were infected with 10 p.f.u./cell of Ad or VSV and labelled with [35S]methionine (generally 40 gCi/dish, except for Fig. 2 and 6) at the indicated times post-infection. Proteins were immunoprecipitated from cell lysates and analysed by SDS-PAGE and autoradiography. The Ad5 72K E2 protein was immunoprecipitated with mouse monoclonal antibody H2-19 (Rowe et al., 1984) . The VSV glycoprotein was immunoprecipitated with a monospecific rabbit antiserum and VSV marker proteins were immunoprecipitated from VSV-infected HeLa cells with rabbit anti-VSV antiserum (Bell et al., 1984) .
Low pH-induced cell fusion. HeLa cells infected with virus at 10 p.f.u./cell were exposed to pH 5-25 fusion medium approximately 18 h post-infection according to the procedure of Florkiewicz & Rose (1984) . Fused cells were photographed approximately 2 h after exposure to fusion medium.
$1 nuclease mapping. Cytoplasmic RNA was extracted from infected cells and analysed essentially according to the method of Berk & Sharp (1977) . A single-stranded 5' end-labelled probe was prepared from the EcoRI (-79) to BgllI (+ 55) fragment of pTK 173 (McKinnon, 1984) following the methods described by Smiley et al. (1987) . For each analysis 20lag of RNA was hybridized to the probe at 42 °C in the presence of 50~ formamide. Hybridizations and S1 nuclease digestions were carried out as described by Smiley et al. (1987) and the digestion products were resolved on 8~ sequencing gels.
RESULTS
Construction of the vectors AdG12 and AdG4
Human Ad5 vectors carrying the VSV glycoprotein gene (VSV-G) with HSV TK control sequences were constructed as shown in Fig. 1 . The structural gene for the glycoprotein of the Indiana serotype of VSV was isolated from the plasmid pSVGL (Rose & Bergmann, 1982) as a BamHI fragment inserted between the Bg/II and BamHI sites of plasmid pTK3B (Varmuza, 1985) . This cloning procedure results in deletion of the translation start for HSV TK and most of the TK-coding sequences, and insertion of the VSV-G sequence between an HSV TK promoter and poly(A) addition site. The cassette consisting of TK promoter, correctly oriented VSV-G and TK poly(A) addition site was excised with PvuII and after the addition of XbaI linkers was subcloned into the XbaI site of PMX2 (Graham, 1984) . The XbaI fragment containing the cassette was isolated from the resulting plasmid and cloned, in both orientations, into the single digested to completion with EcoRI. The virus from the resultant plaques was analysed for the presence of a complete insert in the expected orientation, and a representative virus for each orientation (AdG12 and AdG4) was used in the subsequent experiments. 
Expression of the VSV glycoprotein by the vectors in cell culture
Since . The difference in electrophoretic mobility between the vector-synthesized glycoprotein and the marker VSV protein in this experiment (lane 5) was due to strain differences between the cloned glycoprotein gene (San Juan strain) and the marker strain (HR-LT Toronto) as seen in Fig. 3 .
In contrast to our results with AdG12, we were unable in this experiment to detect any expression of VSV-G from the vector AdG4 (lanes 1 to 4) which carries the VSV-G insert in a direction opposite to the E3 transcript. This observation will be discussed in more detail below.
The inserted gene is expressed before viral DNA synthesis
To determine more precisely the time at which glycoprotein synthesis begins, infected cells were labelled for periods of 1 h at different times (Fig. 3) . VSV glycoprotein synthesis was clearly detectable in the 6 to 7 h labelling period (lane 2) consistent with expression of the VSV-G prior to adenoviral D N A replication and at a time comparable to synthesis of some early Ad proteins. This was borne out by the analysis of the Ad 72K protein from the same cell extracts. As seen in Fig. 3 , the 72K protein, an E2a transcription product, was also first detected in the 6 to 7 h period 0ane 9). Ad hexon protein, a late structural protein which coprecipitates to some extent in our anti-VSV glycoprotein precipitates was first seen in the 12 to 13 h labelling period (lane 5).
Further evidence that viral D N A synthesis was not required for expression of the VSV-G protein is shown by the results in Fig. 4 . Glycoprotein synthesis was readily detected in cells treated with cytosine arabinoside (ara-C) to inhibit D N A replication (lanes 7 to 9 in a). The reduction in the VSV-G protein synthesized in the presence of ara-C was comparable to that 4 and 7) , AdG4 (lanes 2, 5 and 8), or AdG12 (lanes 3, 6 and 9), One set of infected cells was treated with 20 ~tg/ml ara-C from the time of infection (lanes 7 to 9). One half of each infected cell extract was immunoprecipitated with anti-VSV glycoprotein antiserum (a) and the other half of the same extract was immunoprecipitated with monoclonal antibody H2-19 specific for the Ad E2a 72K protein (b). VSV marker proteins are shown in lanes V.
observed for the 72K protein under the same conditions (lanes 7 to 9 in b), and was probably a reflection of the reduced number of genomes from which transcription can occur in the presence of ara-C. Thus the results support the notion that the inserted VSV-G could be expressed without the need for prior or concomitant DNA synthesis, and in this sense is similar to the early Ad genes.
Transcription from Ad promoters is necessary for readily detectable glycoprotein synthesis As seen in Fig. 2 the vector AdG4, which carries the VSV-G insert and associated TK promoter and poly(A) addition sequence in the orientation opposite to the E3 transcript direction, failed to express a detectable level of VSV glycoprotein. This directional dependence suggests that transcripts from the TK promoter did not make a significant contribution to the expression of the VSV-G in these vector constructs. In agreement with the observations of Johnson et al. (1988) and Morin et al. (1987) it was probable that the glycoprotein synthesized by the AdG12 vector was principally derived from transcripts initiating in Ad promoters. To determine the relative role of the exogenous (TK) and Ad promoters in driving transcription of the VSV gene in either of our vectors we purified cytoplasmic RNA from infected cells 18 h postinfection with either vector, and analysed it by the S1 nuclease mapping technique (Berk & Sharp, 1977) . The results presented in Fig. 5 clearly demonstrated that the vast majority of relevant transcripts from the AdG 12 recombinant originate in sequences upstream from the TK promoter. This was indicated by the efficient protection of the entire probe by RNA from AdG12-infected cells in contrast to RNA from AdG4 which gave a signal similar to that from control dl309-infected cells at this position. These transcripts, probably initiating at the E3 promoter early in infection, are undoubtedly responsible for the synthesis of readily detectable amounts of VSV glycoprotein by the AdG12 recombinant.
The inserted TK promoter is functional in both orientations
As well as demonstrating the major transcriptional difference between AdG 12 and AdG4, the experiment presented in Fig. 5 also indicated that a small fraction of mRNA in both AdG12and AdG4-infected cells was transcribed from the region downstream of the TK promoter at which TK mRNA is normally initiated [compare lanes 5 and 6 in a (8 h) or b (18 h) with lane 7 in c (containing mRNA from HSV-l-infected cells)]. Transcripts driven by the TK promoter were about twice as abundant in AdG 12-infected cells than in cells infected with AdG4 which has the glycoprotein gene inserted in reverse orientation [see lanes 3 and 4 in b (18 h) which show a faint signal in the region corresponding to TK-promoted transcripts]. Furthermore, superinfection of AdG4-or AdG12-infected HeLa cells with HSV-1 TKd2 induced efficient transcription from the TK promoter resident in both vectors. These results clearly demonstrated that the TK promoters in the recombinant Ad vectors are functional and capable of responding to herpesvirus-mediated trans-activation. The twofold difference in TK-promoted transcripts between AdG 12 and AdG4 was not due to mutational differences in the promoters of these two recombinants, since sequence analysis of the entire TK promoter region (not shown) showed them to be identical to each other and to the published sequence of this region from HSV strain 101. Since the difference did not seem to be due to variations in m.o.i, or chance procedural errors, it is possible that it reflects the relative difficulty of transcribing through the E3 region from right to left in the face of high levels of Ad transcription from left to right.
The functionality of the inserted TK promoter in low level glycoprotein synthesis was further corroborated by the results shown in Fig. 6 . In this experiment, by using fourfold higher concentrations of [35S]methionine, and fluorography to enhance the signal from the radiolabel, we succeeded in observing a small amount of VSV glycoprotein synthesis from the AdG4 vector, whereas the amount synthesized by the AdG12 vector in the same experiment was approximately one order of magnitude greater. Thus the TK-promoted transcripts are functional but make only a small contribution to the synthesis of glycoprotein relative to Adpromoted transcripts. In this regard, even superinfection with HSV fails to increase the production of VSV glycoprotein by AdG4 to readily detectable levels (unpublished observations). 1 and 2), AdG4 (lanes 3 and 4) or AdG12 (lanes 5 and 6). Lanes 1 to 6 in (c) represent RNA extracted from cells which were superinfected with the HSV-1 TKd2 mutant at 2 p.f.u./cell 12 h after the Ad infections. RNA was hybridized to the indicated single-stranded probe at 42 °C and following S1 nuclease digestion, the products were resolved on 8~ sequencing gels all as described in Methods. Lane M contains size marker fragments prepared by 3' end labeUing HpaII-digested pBR322 DNA and lane 7 contains an SI analysis of RNA extracted from HSV-l-infected 293 cells to indicate the normal start sites for TK-promoted transcripts (not for quantitative comparison). The number of nucleotides corresponding to each marker fragment is indicated to the left. The 134 nucleotide S1 probe is indicated below relative to the TK-VSV-G fusion. Sequences are numbered in either direction from the expected transcription initiation site for the TK promoter (McKnight, 1980) . Cell lysates were immunoprecipitated with anti-VSV glycoprotein antiserum and proteins were resolved by SDS-PAGE as described in Methods except that gels were impregnated with 2,5diphenyloxazole for ftuorographic enhancement. VSV marker proteins are shown in lane 1. Fig. 7 . Low pH-induced cell fusion in AdG 12-infected cells. HeLa cells were infected with d1309 (a, d), AdG4 (b, e) or AdG 12 (c,f). They were photographed at 18 h post-infection (a to c) and the infected cell monolayers were then exposed to pH 5.25 fusion buffer for 1 to 2 min and re-photographed following incubation in growth medium at 37 °C for a further 2 h (d to f). Bar marker represents 50/xm.
AdG12 produces functional VSV glycoprotein expressed on the cell surface
The comigration of the VSV glycoprotein from A d G 1 2 -i n f e c t e d cells and the mature glycoprotein from cells infected with the San Juan strain of VSV suggested that the vectorderived protein was correctly processed and transported. Since Florkiewicz & Rose (1984) have shown that cells expressing the VSV glycoprotein on their surface will undergo fusion following exposure to low p H we used this assay to determine whether V S V -G expressed in A d G 1 2infected cells might also result in cell fusion. H e L a cells were infected with A d G 12 and subjected 
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to low pH treatment 18 h later. As seen in Fig. 7 (f) the entire monolayer of AdG12-infected cells could be induced to undergo fusion, whereas cells kept at neutral pH ( Fig. 7a to ¢) or cells infected with d1309 ( Fig. 7d) were unaffected. These results demonstrated that VSV glycoprotein was expressed on the surface of AdG 12-infected cells in a functional form. Finally, cells infected with AdG4 were resistant to low pH-induced fusion (Fig. 7e ) in keeping with our findings, discussed above, that AdG4 induces only very low levels of glycoprotein expression. DISCUSSION We have described the expression of VSV-G by a non-defective recombinant Ad vector, AdG12, during the course of lytic infection of HeLa cells. The glycoprotein produced was indistinguishable by electrophoresis from that produced by the San Juan strain of VSV from which the inserted gene was derived. Cells infected with the vector underwent fusion after exposure to low pH, thereby demonstrating that the glycoprotein is correctly processed and transported to the plasma membrane of the infected cell.
VSV-G was placed between the HSV TK promoter and poly(A) addition site before insertion into the E3 region of Ad in either of the two possible orientations. Only the orientation that paralleled the direction of transcription from the E3 promoter, represented by the vector AdG12, was capable of expressing relatively high levels of the glycoprotein. The opposite orientation, represented by the vector AdG4, produced only very low levels of VSV glycoprotein, which were not easily detected by immunoprecipitation and did not result in susceptibility of infected cells to low pH-induced cell fusion. The orientation-dependent expression of the inserted sequences suggested that transcription of the structural gene depended on promoters other than the TK promoter to which it was linked. Transcription of promotorless inserts of foreign sequences within the E3 region of Ad was originally observed in studies of simian virus 40 (SV40) early gene segments naturally inserted into the Ad E3 during replication of human Ad in monkey cells (reviewed by Klessig, 1984) , and more recently in recombinant vectors in which a promotorless hepatitis B virus surface antigen structural gene was inserted into the E3 of Ad5 (Morin et al., 1987) . In addition, recent work has demonstrated that an SV40 early promoter sequence, inserted in front of an HSV gB gene within the E3 of human Ad5, may function principally as a cryptic splice acceptor site for transcripts originating within Ad sequences upstream of the inserted sequences. Our results have also demonstrated that transcripts responsible for the majority of the VSV glycoprotein produced in vector AdG12 originated within Ad sequences upstream of the insert. The two Ad promoters that transcribe through the E3 from left to right are the E3 promoter, which functions early in virus replication, and the major late promoter, which transcribes this region after viral DNA replication. Since we have shown that VSV-G transcripts can be synthesized prior to and in the absence of viral DNA synthesis it is probable that the E3 promoter is responsible for those transcripts.
As well as demonstrating orientation-dependent differences in the level of expression of the inserted gene in Ad vectors, we have shown that a foreign promoter, in this case from HSV-1 TK, is able to function when inserted in the E3 of Ad. Our results are consistent with the observation of Haj-Ahmad & that TK activity was expressed from Ad vectors containing the entire HSV TK structural and regulatory gene regions inserted in E3 in the rightto-left orientation. It is relevant that we have been able to immunoprecipitate TK protein from cells infected with this vector, though we can detect much higher levels of protein in cells infected with a recombinant Ad containing the same insert in the E3 parallel orientation (unpublished observations). Taken together, all our results clearly show that foreign promoters in E3 can be utilized, although the level of expression from the HSV TK promoter is a small fraction of that obtained from transcripts promoted by relevant Ad promoters. The capability of inserting functional foreign promoters into E3 may permit the regulation of insert expression independently of Ad promoters, and by insertion in the orientation opposite to E3 should also allow the expression of genes whose products might not be desired in large quantities either because of inherent toxicity or for other reasons.
